Inclusion of vitamin E (DL-a-tocopherol) in the culture medium for human diploid cells greatly prolongs their in vitro lifespan. The addition of 100( sg of DL-atocopherol per ml of medium has allowed us to culture WI-38 cells for more than 100 population doublings to date. (These cells normally have an in vitro lifespan of 50 :1 10 population doublings.) Cells at the 100th population doubling have a normal diploid karyotype, appear to behave in all other respects like young WI-38 cells, and are still actively dividing. We interpret this result as support for the free radical theory of aging.
The finite lifespan of human diploid fibroblasts in culture has attracted attention since the proposal by Hayflick and Moorhead (1, 2) that such a system may serve as a model for cellular aging. For example, morphological and biochemical changes have been observed to occur during the lifespan of these cells in culture (3) , and electron microscopic examination has revealed an increase in the number of lysosomes, electron dense residual bodies surrounded by membranes, and amorphous insoluble deposits [compare studies of Cristofalo and Lipetz (4), Robbins et al. (5) ]. More recently, Deamer (6), using fluorescence microscopy, has demonstrated large increases in fluorescent material in cultures near the end of their in vitro lifespan. Evidence invoked to support the hypothesis that cell death in this system is relevant to aging in vivo has come from studies showing an inverse correlation between the age of the donor of skin fibroblasts and the lifespan of these cells in vitro (2, 7) .
WI-38 cells contain extractable amino iminopropene substances, known to be formed as a consequence of oxidative damage processes that lead to crosslinking reactions (8, 9) . In this respect, Harman's proposal of several years ago, that free radical-mediated reactions might contribute significantly to the aging process (10) , is of interest, particularly in light of recent reports that antioxidants, known to inhibit free radical-mediated reactions, increase the lifespan of organisms in vivo (11, 12) . Antioxidants also inhibit the accumulation of lipofuscin (age pigment) in various tissues (13) (14) (15) . Nevertheless, convincing evidence that free radical-mediated reactions are important in aging processes of human cells has not yet been reported. On this basis, we have chosen to study the effect on cultured WI-38 embryonic human lung cells of vitamin E, a universal, natural antioxidant which presumably acts to terminate peroxidation reactions in cellular membranes (16) . Compared to other systems used to investigate aging processes, the human diploid cell system is relatively simple, and its immediate cellular environment is easily modified.
MATERIALS AND METHODS
Cell Culture. Starter cultures of WI-38 cells obtained from Dr. Hayflick's laboratory were cultured in Eagle's Basal Medium (Hanks' salt) that contained 10% fetal calf serum (Pacific Biologicals Co., Berkeley, Calif.) and 50 lxg of aureomycin per ml (Lederle Laboratories). A single lot of fetal calf serum was used throughout these experiments. This lot of serum was screened for viral contamination by Pacific Biologicals Co. and found to be uncontaminated. The culture conditions and subcultivation procedures have been described previously (1, 17 Thiobarbituric Acid-Reactive Material. The concentration of intracellular lipid peroxidation products was estimated by the reaction of thiobarbituric acid (TBA) with malondialdehyde, according to a modification of the method of Barber (21) . Culture medium was removed and the cell sheet was rapidly washed three times with ice-cold Ca++-and Mg++-free basal salts. Three milliliters of 5% trichloroacetic acid were added to the cell sheet. Cells were scraped' from the flask and then homogenized in the trichloroacetic acid. To the homogenate, 0.5 ml of 0.75% of thiobarbituric was added, the solution was boiled for 15 min, cooled to 4°and the suspensions were centrifuged at 800 X g for 10 min to remove the precipitate. The absorbance of the supernatant at 532 nm was taken as an indication of the presence of thiobarbituric acid reaction material. Total cellular protein was estimated according to the method of Lowry et al. (22) .
Detection of Fluorescent Damage Products. Fluroescence microscopy was carried out as described by Deamer (6, 8) .
Incorporation of DL-a-tocopherol. DLa-[3H ]tocopherol (Amersham-Searle) was mixed with unlabeled tocopherol (final specific activity, 200 ACi/mg) and added to the culture medium as described above. Confluent cultures were treated for 1-2 days. The medium was removed and the cell sheet was washed five times with Ca++-and Mg++-free Hanks' balanced salt solution. The cell sheet was removed by scraping, then sonicated for 1.5 min in 2.5 ml of Ca++-and Mg++-free phosphate buffered saline and an aliquot of the homogenate was centrifuged for 20 min at 800 X g to sediment unbroken cells and large debris. The supernatant was centrifuged 45 min at 100,000 X g. The culture medium, wash solution, cell homogenate, supernatant fractions, and resuspended 100,000 X g pellet were assayed for tritium content.
Environmental Stress. Visible light treatment-Confluent cultures in 25-cm2 flasks at the 25th population doubling level were exposed to 1000 footcandles (10760 lux) in the visible light range (400-600 nm) at room temperature (230) for 20 hr. Hanks' balanced salt solution with 5% fetal calf serum was used on both control and experimental cultures to eliminate possible photosensitization by the vitamins, amino acids, and phenol red dye present in the growth medium. Immediately after illumination, complete medium was added and the number of cells per flask was determined 24 hr later.
Growth in the presence of high oxygen concentrationCultures were prepared by inoculating 0.5 X 106 cells per 25-cm2 flask. The caps of the flasks were left loose to permit equilibration of the atmosphere of flasks placed ihside desiccators containing higher oxygen concentrations. The appropriate atmosphere was introduced from compressed air tanks (Liquid Air Corp., San Francisco, Calif.) containing either 20, 40, or 60% oxygen, 5% carbon dioxide, and the balance nitrogen. To prevent medium evaporation, a reservoir of water was used in the desiccators.
1ESULTS
Cell Proliferation. The effect of DL-a-tocopherol on the longterm proliferation of WI-38 cells in culture is shown in Fig.  1 . In parallel subcultivation series (which originated from a single starter culture) in which two different concentrations of tocopherol were employed (100 Mg/ml and 10 Mg/ml) in the medium, it was observed that the cells grown in the presence of tocopherol from the 45th population doubling level (PDL) consistently had a longer lifespan in vitro than the control cells. The control cells reached Phase III at the 65th population doubling while the treated cells were capable of growing in culture for more than 100 population doublings (Fig. 1) .
After the cultures grown in the presence of 10 and 100 i.g of tocopherol per ml of medium had reached the 73rd population doubling level, tocopherol was removed from the medium and the cells were grown in tocopherol-free medium Fig. 2 . No effect on growth rate or saturation density was observed at the concentrations to tocopherol used in this experiment. However, an increase in the time between subcultivation and the beginning of cell division was observed with 100 and 300 1ug of tocopherol per ml of medium.
Normalcy of WI-38 Cells with Increased Lifespan. Tocopherol-treated cells were subjected to a number of tests after the 85th population doubling level to determine whether they met criteria for normal human cells. They exhibited density dependent inhibition of proliferation expected for normal WI-38 cells, as shown by the growth curves of tocopheroltreated cells at the 93rd population doubling level and control cells at the 25th population doubling level (Fig. 3) .
Tocopherol-treated cells were subjected to karyotypic analysis at the 85th and 100th population doubling level by direct microscopic analysis of chromosome preparations. In addition, the 100th population doubling level culture was subjected to more stringent analysis, requiring photographic (Fig. 4) .
Incorporation of Tocopherol into the Subcellular Fraction.
To determine whether tocopherol added to the medium in the manner described above was incorporated into cellular organelles, we followed the fate of tritium-labeled tocopherol mixed with unlabeled tocopherol. About 85% of the tocopherol was lost from the medium because of adsorption to the sides of the flask and formation of a thin film of tocopherol on top of the medium within the first 24 hr. When 100 Ag of tocopherol was added per ml of medium, about 0.5% of the tocopherol remaining in the medium was incorporated into cellular organelles (100,000 X g pellet after sonication). This is equivalent to 2-3 MAg of tocopherol per mg of cellular protein.
Protection Against Oxidative Damage by Tocopherol. If the mechanism of D-a-tocopherol in prolonging cellular lifespan is due to its action as an antioxidant, it should prevent accumulation of oxidative damage to medium constituents or to cellular components. To test this, we examined WI-38 cells for the presence of thiobarbituric acid reactive material, indicative of the formation of malondialdehyde, a hydroperoxide decomposition product of polyunsaturated fatty acids. In a typical experiment control cells showed 0.7-1.0 nmol and tocopherol-treated cells 0.08-0.5 nmol of thiobarbituric acid reactive material per mg of protein. Examination of cells grown in the presence of tocopherol by fluorescence microscopy (Fig. 4) revealed the virtual absence of the fluorescent material shown by Deamer (6) to be associated with nondividing cells.
Protection by D-a-Tocopherol Against Environmental Stress.
To further evaluate the protective action of DLa-tocopherol on WI-38 cell proliferation, we designed experiments in which the cells were subjected to acute free radical production by raising of the oxygen tension and by illumination with visible light.
Treatment We have found evidence that the oxidative capacity of the mitochondria of WI-38 cells is about twice that needed to maintain cell proliferation (28) . In vitamin E deficiency, WI-38 membranes, particularly those of mitochondria, are readily susceptible to peroxidative attack, The spreading of this process in the cytoplasm could damage macromolecules such as proteins and nucleic acids and interfere with the turnover of materials, resulting in an accumulation of indigestible polymers and defective enzymes. Consistent with such views is the diminished accumulation of fluorescent damage products in vitamin-E-treated cells.
The present investigation suggests that senescence in WI-38 cells is associated with oxidative damage occurring during their proliferation in culture. A balance probably exists between the occurrence of environmentally induced oxidative damage to cells in culture and their ability to neutralize it. It is possible that by decreasing the rate of occurrence of this damage, its gradual accumulation may be prevented, thus allowing prolonged cellular proliferation.
Since tocopherol confers upon WI-38 cells a long-term ability to proliferate in culture, these cells provide a unique model system for evaluating environmental effects (29-31) on the growth potential of human cells. In vivo accumulated damage to cells may account for the inverse relationship between the age of the human donor and the lifespan of skin fibroblasts (7) . In addition, the increased in vitro lifespan should increase the probability of obtaining stable mutants and chemical transformation in these cells. Note Added in Proof. The original lot of fetal calf serum was depleted when the cultures had undergone 90-105 population doublings. Another lot of serum was used for the remainder of the experiments. The cultures treated with 10 and 100 ,g of tocopherol per ml of medium stopped growing at the 112 and 117 population doubling levels, respectively. Cultures treated with 5 ,gg/ml of hydrocortisone plus 10 or 100 ,g/ml of tocopherol stopped growing at 109 and 115 population doublings, respectively. Cultures from which the tocopherol was removed at the 73 population doubling level were able to undergo essentially the same number of population doublings as above. Hence, we do not know how many population doublings the cultures would have achieved had the original lot of fetal calf serum been used throughout the entire experiment.
